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BioinformaticsThe extent of co-expression of the components of a comprehensive set of 244 multi-subunit protein
complexes over large DNA microarray data sets was investigated in S. cerevisiae, A. thaliana, C. elegans, D.
melanogaster and H. sapiens. Co-expression amongst the components of protein complexes is substantial and
occurs in all the species studied, reﬂecting the importance of regulation at the level of the transcript.
Complexes that are conserved in all species, and tend to be associated with very fundamental biological
processes, are signiﬁcantly more likely to have co-expressed components, indicating the fundamental and
ancient evolutionary nature of transcriptional regulation. Less conserved complexes are more likely to have
evolved alternative regulatory mechanisms. Within the conserved complexes there is evidence that
regulatory mechanisms (transcriptional or other) are evolutionarily conserved, but there are exceptions. The
fact that complexes that share subunits are more likely to share co-expression is further evidence of
evolutionary conservation of regulatory mechanisms. This extensive study contributes to the fundamental
biological understanding of important protein complexes by enabling evolutionary insights into their
regulation through a new multi-genome perspective. In addition, it is relevant to developers and users of
gene function prediction methods that use gene co-expression to indicate potential functional linkage.
© 2009 Elsevier Inc. All rights reserved.Introduction
Most important cellular processes are driven by protein complexes
[1]. These complexes need regulation, so that sufﬁcient amounts of
active complex are present to function in the appropriate time and
conditions, while retaining control on cellular energy expenditure.
The amounts (and activity) of complexes can be controlled at the level
of mRNA transcripts (through transcription and degradation) or the
protein components (through translation and protein degradation),
while a ﬁner control of activity on shorter timescales can be achieved
by post-translational modiﬁcation processes such as phosphorylation,
controlling the assembly of complexes ‘just-in-time’ [2,3] or allosteric
mechanisms. In many complexes the mechanisms controlling the
regulation of the subunits and their assembly are presently unclear.
Transcriptional regulation operates at the earliest point in the
pathway to complex assembly, and can be viewed therefore as the
most fundamental level of regulation and possibly the most
evolutionarily ancient. High-throughput data now available in large
and diverse experimental data sets of mRNA expression levels enable
a detailed study of the role played by regulation at the level of subunit
transcripts in protein complexes. The availability of suitable data for a
wider range of species has allowed us to achieve a new cross-speciesll rights reserved.view, and to begin to address the question of the evolution of
regulatory mechanisms in protein complexes.
The level of transcriptional regulation of protein complexes has
been studied in the yeast S. cerevisiae by several groups [4–6]. The
tendency of certain complexes to maintain their interactions across a
variety of experimental conditions has been directly associated with
the coherency of their mRNA expression levels [4]. “Permanent”
complexes, those that maintain their interactions across a variety of
experimental conditions such as ribosomes and proteosomes, have
been seen to have a more coordinated transcriptional response than
other “transient” complexes, whose interactions are not as robustly
maintained. This concept of “permanent” and “transient” complexes
has been shown to extend to the level of condition dependency in the
transcriptional response of the components of S. cerevisiae protein
complexes [6]. “Permanent” complexes exhibit consistent co-expres-
sion of their subunits in many experimental conditions compared to
the “transient” complexes, which tend to have less coherent co-
expression. Within the transient complexes however, some have
detectable modules of tight co-expression that in turn are often
associated with known sub-complexes. Recently the size of a complex
has also been shown to have a bearing on the co-expression of its
subunits; whereby co-expression is more pronounced in larger
complexes [5]. Co-expression amongst components of S. cerevisiae
complexes therefore appears to be condition, size and complex
dependent; however whether these observations are transferable to
other species has yet to be investigated.
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cycle complexes has revealed that complexes can contain dynamic
and static subunits, with the dynamic subunits enabling a just-in-time
assembly of the ﬁnal complex [2,3]. This just-in-time assembly
mechanism for cell cycle complexes is conserved across S. cerevisiae,
S. pombe, A. thaliana and H. sapiens, but the dynamic components
differ between species [3]. Moreover, the regulation of these dynamic
subunits is thought to be regulated by a co-evolved mechanism with
both transcriptional and post-translational components [3].
A further approach to identify co-regulation between protein
complexes and their transcriptional regulators across species has
demonstrated that there is some degree of conserved regulation of
functionally similar proteins between S. cerevisiae and D. melanoga-
ster. This work combined protein–protein interaction (PPI) data with
data from chromatin-immunoprecipitation experiments to detect co-
regulated clusters of proteins that are highly interconnected in the
protein–protein interaction network, and are regulated by the same
transcription factors. Several of these clusters were identiﬁed in S.
cerevisiae and were mapped to similar clusters within ﬂy protein–
protein interaction networks. This study highlights that the mechan-
isms regulating the expression of protein complex components
between species can be conserved. It becomes evident that there is
still much work required in order to elucidate the regulation of
protein complexes and their respective sub-complexes, and to unravel
to what extent this is conserved evolutionarily across a more diverse
range of species.
Here we present a thorough global analysis of the co-expression
of subunit components of protein complexes across several evolu-
tionarily diverse species (H. sapiens, D. melanogaster, C. elegans, A.
thaliana and S. cerevisiae), covering a more comprehensive set of
complexes and more species than previous work. Protein complex
components are determined through their orthology (determined by
OrthoMCL [7]) to manually curated S. cerevisiae protein complexes
stored in the MIPS-CYGD [8] database. Regulation at the transcript
level in these complexes is revealed through the level of co-
expression in the genes encoding their subunits, using expression
data derived from large publicly available microarray sets covering a
wide spectrum of experimental conditions [9–13]. The basic premise
is that statistically signiﬁcant co-expression in these very large and
diverse microarray data sets is evidence of the importance of
regulation at the level of the subunit transcripts of these complexes.
Co-expression of the same complex across multiple species is
indicative of a possible shared transcriptional regulatory mechanism.
Lack of co-expression however indicates possible alternative regula-
tory mechanisms. As well as contributing to fundamental biological
understanding, the study is relevant to developers and users of gene
function prediction methods that use gene co-expression to indicate
potential functional linkage [14,15] as these methods are extended to
a wider variety of species.
Results and discussion
The MIPS-CYGD database [8] contains 244 non-redundant multi-
subunit S. cerevisiae protein complexes that can be mapped to mRNA
expression data. Of these, 110 are also present in A. thaliana, D.
melanogaster, C. elegans and H. sapiens, and can be mapped to
corresponding expression data (complexes were included in this set if
more than one othologous component could be located, allowing co-
expression calculations). Of the remaining 134, 47 are only repre-
sented in S. cerevisiae; several of them are speciﬁc to fungi or have a
fungi speciﬁc type or structure, such as the fatty acid synthase
complex [16]. In some cases orthologs for the complex components
could not be identiﬁed, perhaps owing to poor annotation and/or
limitations in the ortholog detection software; in other cases the
expression data contained arrays that lacked probes for the genes that
encode the respective orthologous proteins.We assessed co-expression in groups of genes encoding complex
subunits by measuring their average pairwise correlation coefﬁcient,
and comparing this to a distribution generated by randomly sampling
equal numbers of genes in the same data set. Complexes were
categorised into different types by applying the classiﬁcation scheme
compiled by Jensen et al. [3]. They described complexes as either
singletons, those complexes that do not share any of their compo-
nents with other complexes, sub-complexes, whose components are
entirely engulfed by other larger complexes, and container com-
plexes, which are complexes or groups of complexes containing more
than one sub-complex and possibly additional unique components.
This enabled the degree of transcriptional regulation of different types
of protein complexes to be contrasted.
Overall, there is a substantial level of co-expression amongst the
components of protein complexes explored in this study (see Table S1
for full list of results). The proportion of all types of complexes that are
co-expressed differs between species, with 17% to 52% of the protein
complexes signiﬁcantly co-expressed (p≤0.01) (see Fig. 1). Of these,
H. sapiens and C. elegans have by far the largest number of co-
expressed complexes (46% and 52% of complexes respectively) with S.
cerevisiae and D. melanogaster the fewest. The 110 complexes that are
present in all species contain a higher proportion that are signiﬁcantly
co-expressed (between 19–65% at a signiﬁcance threshold of
p≤0.01), compared to those complexes that are not represented in
all ﬁve species (6–27%). The difference between these two groups of
complexes is statistically signiﬁcant (t-test, p=0.0146), and may
indicate that highly conserved and more ancient complexes are more
likely to exhibit regulatory control at the transcriptional level.
The variation between the numbers of co-expressed complexes
between organisms was larger than expected. Even though the
statistical signiﬁcance calculations account for possible sources of bias
(e.g. a higher overall level of gene co-expression in any particular data
set), it is possible that the results are inﬂuenced to some extent by the
differing biological nature of the species' data sets used. The data set
used for D. melanogaster was smaller than those for the other species,
and therefore covers a less varied range of experimental conditions.
Hence conclusions drawn for this species should be viewed with
caution, since the results of this analysis could change once more data
become available. Nevertheless from a pragmatic point of view, the
differences illustrate that function prediction methods based on
detecting co-expression of related genes could differ substantially in
accuracy between species.
With regards to complex type, singleton complexes appear to show
a lower level of co-expression in all species compared to the other types,
in particular the container complexes (see Fig. 1). This trend follows for
both the 110 complexes found in all species, and the remaining less
conserved complexes. Although container complexes are generally
larger, there is no evidence of a signiﬁcant linear relationship between
complex size and the degree of within complex co-expression (see
Figure S2). This contrasts to some extent with the ﬁndings by Liu et al.
[5]; however, both studies agree that the large ribosomal and rRNA
splicing complexes are signiﬁcantly co-expressed, which no doubt
drives the conclusions drawn by Liu et al. [5].
Through examination of the level of subunit sharing between
complexes, we found that there was substantial versatility of
components recruited into different complexes. Sharing of subunits
occurs in many complexes with similar biological functions and
may indicate evolutionary relationships between them (see Figure
S1). The complexes are referred to in the supplementary ﬁgure by
their MIPS-CYGD complex identiﬁers. This schema classiﬁes com-
plexes according to their function in a hierarchical fashion, with
multi-complex assemblies and groupings of complexes at the top
of the hierarchy (termed here as parent complex families). The
unique identiﬁer reﬂects the complexes position within the hierarchy
e.g. the translation complexes (id: 500) contain amongst others, the
cytoplasmic and mitochondrial ribosomes (500.40 and 500.60
Fig. 1. The percentage of complexes whose components are signiﬁcantly co-expressed (y axis) (p≤0.01) in each of the 5 species studied, for all complexes, and divided according to
three different complex types (x axis) (singletons, sub-complexes and containers, see main text). Results are also shown separately for complexes that are/are not present in all
species, revealing signiﬁcantly different behaviours in these categories.
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involved in intracellular transport and trafﬁcking and also those
complexes located in the mitochondria. For instance the actin
associated protein complex (140.20.20) involved in the cytoskeleton
and the intracellular transport complex Arp2p/Arp3p (260.90) which
are signiﬁcantly co-expressed in all organisms except D. melanogaster,
share an actin related protein subunit (e.g. S. cerevisiae Arp2p). Equal
levels of conserved co-expression are seen in the rRNA splicing
complex (440.30.20) and the rRNA processing complexes (440.12)
which share a nucleolar protein subunit involved in the processome
(e.g. S. cerevisiae Nop1p). Evolutionarily, some proteins may have
diverged following a gene duplication event, enabling them to formTable 1
The number of complex pairs that share components and the number of those complex pa
A. thaliana C. elega
Number of pairs with shared components 154 113
Number of co-expressed pairs 26 47
p value .001 .001
Only complex pairs that are not sub-complexes of each other are included.
Thep value in the table represents the probability of obtaining the observednumber of co-expresseprotein complexes composed of different proteins, giving rise to their
differing functions. An example of this are the dihydrolipoamide
dehydrogenase complexes (complex ids 20, 200 and 390), each
sharing the lipoamide dehydrogenase E3 subunit. The speciﬁcity of
this protein to different co-enzymes is thought to have arisen from the
mutation of the E3 binding speciﬁcities following a gene duplication
event [17–19]. It is interesting to ascertain whether the complexes
that share components also exhibit related regulatory mechanisms.
Indeed within container and sub-complexes, there are signiﬁcantly
more pairs of complexes that share components and are both
signiﬁcantly co-expressed than random pairs of complexes (see
Table 1 for p values). This is true for all species. Therefore thereirs for which both members are signiﬁcantly co-expressed (p≤ 0.01).
ns H. sapiens D. melanogaster S. cerevisiae
133 81 221
42 11 17
.002 .001 .001
dpairs compared to those from the randomisation distribution (seeMaterials andmethods).
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these complexes between both functionally related complexes and
their orthologous counterparts in other species. In support of this
observation, there is a statistically signiﬁcant tendency for the 110
complexes that are conserved in all species to be either co-expressed
in all ﬁve species or co-expressed in none (see Fig. 2). This suggests
that regulatory mechanisms, either transcriptional or other, are often
conserved.
Complexes exhibiting coordinated transcriptional regulation in
multiple species
Of the 110 complexes that are present in all ﬁve species, a
signiﬁcant number behave similarly in terms of their transcriptional
response in all or several of the species. In some instances these
complexes span entire MIPS-CYGD parent complex families, which
indicates that there is a preference across whole biological processes
to use a particular regulatory mechanism for complexes. Fig. 3A and B
shows the proportions of the MIPS-CYGD parent complex families
that are signiﬁcantly co-expressed (p≤0.01), represented at the
species level (Fig. 3A) and by the number of species that share co-
expression of that parent complex family (Fig. 3B). From the summary
in Table 2, it is clear that complexes involved in fundamental
biological processes (translation, transcription, replication etc.) tend
to be co-expressed in multiple species, compared to those complexes
that exhibit little or no coherent transcriptional response, which tend
to be involved in other processes such as transport and trafﬁcking.
Examples from both categories are discussed in more detail below.
Proteasome, ribosome and RNA polymerases
The co-expression of these core biological complexes is well
documented in S. cerevisiae, and has been linked to the “permanent”
interactions they maintain in various cellular conditions [4–6,20,21].
This study also identiﬁed signiﬁcant levels of co-expression of these
complexes in S. cerevisiae, and in most of the other species studied.
The proteasome (360) and the cytoplasmic ribosome (500.40)
showed a conserved and signiﬁcant transcriptional response that
was detected in all ﬁve species (see Fig. 3A). The components within
the mitochondrial ribosomes (500.60) and all three of the RNA
polymerases (I: 510.10, II: 510.40.10, III: 510.120) were signiﬁcantly
co-expressed in all species except D. melanogaster. Furthermore
several other transcription related complexes, such as the DNA repair
complexes, demonstrated strong co-expression of their components
in multiple species, except S. cerevisiae and again D. melanogaster. It is
possible that the lack of detectable global co-expression of theseFig. 2. The percentage of the complexes present in all species as a function of the
number of species in which they show signiﬁcant co-expression (p≤ 0.001) (white
bars), compared with the percentage expected in the random distribution (grey bars).
Compared to the random data, real complexes are much more likely to be co-expressed
in most organisms (4 or 5) or no organisms, indicating shared regulatory mechanisms.
Fig. 3. The percentage of complexes within a parent complex family (i.e. those
complexes at the top of the MIPS-CYGD hierarchy) that are present in all ﬁve species
and exhibit signiﬁcant co-expression of their components (p≤ 0.01) for each species
(A) and in 0–5 species (B) Species identiﬁed by A=A. thaliana, D=D. melanogaster,
H=H. sapiens, S=S. cerevisiae, C=C. elegans. Complexes represented by their complex
IDs—20: 2-oxoglutarate dehydrogenase; 60: Anaphase promoting complex (APC); 90:
Assembly complexes; 120: Casein kinase; 130: Chaperonine containing T-complex TRiC
(TCP RING Complex); 133: Cyclin-CDK (Cyclin-dependent kinases) complexes; 140:
Cytoskeleton; 160: Exocyst complex; 177: Gim complexes; 180: Prenyltransferases;
200: Glycine decarboxylase; 220: H+-transporting ATPase, vacuolar; 230: Histone
acetyltransferase complexes; 250: Isocitrate dehydrogenase; 260: Intracellular trans-
port complexes; 290: Mitochondrial translocase complex; 310: Nuclear pore complex
(NPC); 330: Phenylalaninine-tRNA-ligase; 350: Proteases, mitochondrial; 360: Protea-
some; 390: Pyruvate dehydrogenase; 410: Replication complexes; 420: Respiration
chain complexes; 440: RNA processing complexes; 445: SCF (Skp1-Cdc53-F-box
protein) complexes; 450: Serine/threonine phoshpoprotein phosphatase; 470: Signal
transduction complexes; 475: Nuclear cohesion; 480: Spindle pole body (SPB); 485:
Succinyl-CoA ligase; 500: Translation complexes; 510: Transcription complexes/
Transcriptosome; 520: Translocon.
Table 2
Complexes whose components are signiﬁcantly co-expressed in 3 species (p≤ 0.01) and those that do not exhibit co-expression in any of the species.
Co-expressed complexes in 3 species Not co-expressed
Proteasome (360) SCF complexes (445)
Translation complexes (500) e.g. cytoplasmic and mitochondrial
ribosomes, cytoplasmic translation initiation and elongation complexes
TFIIH (510.100) and TAFIIs (510.70.20), nucleotide excision repairosome NEF2
(510.180.10.20) and non-homologous end-joining apparatus (510.180.30)
Transcription complexes (510) e.g. RNA polymerase I, II & III,
DNA mismatch repair complexes, MSH2/MSH3 complex
Mitochondrial splicing complex (440.40)
RNA processing complexes (440) e.g. spliceosome and rRNA
processing complexes, mRNA and rRNA splicing
DNA polymerase epsilon (410.40.100) and delta (410.40.90) complexes
Replication complexes (410) e.g. replication fork complexes Cytoskeleton tublin-associated proteins (140.30.20) and kinesin-related
motorproteins (140.30.30), spindle pole body (480)
Vacuolar H transporting ATPase (220) Translocon ER protein-translocation complex (520.10)
Translocon oligosaccharyltransferase (520.20) Exocyst (160), SNARE complexes (260.50), retromer complex (260.30.30),
COAT complexes (360.30), Vps4pATPase complex (260.70)
Intracellular transport complex Arp2p/Arp3p (260.90) Serine/threonine phosphoprotein (450)
Cyclin CDK complexes (133) Succinyl-CoA ligase (485)
Respiration chain complexes (420)
Represented complexes are only those that are present in all 5 species and complex identiﬁers are shown in brackets.
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size and nature of the data set used. Nevertheless, the high level of co-
regulation between the subunits of these complexes is evolutionary
conserved, and indicates that transcriptional regulation is of func-
tional importance to the complexes.
RNA processing complexes and the replication complex family
The nuclear spliceosome (440.30) and its rRNA splicing sub-
complex (440.30.20) were highly co-expressed in all 5 species, and
the rRNA processing complex co-expressed in the 4 species A.
thaliana, C. elegans, H. sapiens and S. cerevisiae. These results are in
general agreement with work by Liu et al. [5] and to some extent by
Simonis et al. [6], and in addition demonstrate that these observations
can be transferred to the other species. Simonis et al. noted more
pronounced levels of co-expression amongst a smaller subset of
experimental conditions, therefore it seems likely that this is driving
the global expression detected here, and that the cellular condition is
important in the regulation of its assembly.
The replication complex family contains complexes that are
integral to the process of DNA replication. Several of these
complexes exhibit a conserved tendency to use transcription to
regulate their components. The replication complex family (410) as
a whole is signiﬁcantly co-expressed in all species except S.
cerevisiae, as are the pre-replication complex (410.30) and the
replication complex (410.35). The transcriptional regulation of the
replication fork complex (410.40) is particularly conserved as co-
expression of its components was seen within all ﬁve species and
noted by Teichmann and Babu in S. cerevisiae and C. elegans [21]. The
analysis by Simonis et al. [6], which was limited to S. cerevisiae,
agreed with the over lack of co-expression amongst the replication
complex family. They did however note some limited condition
dependent co-expression within the replication complex (410.40),
that would not have been detected in this study of global co-
expression.
Vaculor H+-transporting ATPase
Transcriptional regulation of the vaculor H+−transporting
ATPase (220) appears to be important since co-expression of its
components is conserved in all species, if to a slightly lesser extent in
A. thaliana (p≤0.02). This enzyme is used to pump protons across
intracellular membranes. Although these enzymes are thought to hold
various functions in different eukaryotic organisms [22], their
regulation appears to be consistent. Another enzyme whose compo-
nents are transcriptionally regulated in a number of species is
oligosaccharyltransferase (520.20), a translocon complex, which isinvolved in glycosylation in the ER membrane. In this instance only D.
melanogaster does not demonstrate this trend.
Cyclin CDK complex
In corroboration with Simonis et al. [6], this study ﬁnds weak
evidence for co-expression of the Cdc28p Cyclin CDK complex
(133.10) (p≤0.05) in S. cerevisiae. However, this investigation has
revealed more convincing evidence of co-expression of this complex,
andmore generally the Cyclin CDK parent family complex (133) in the
other four species (p≤0.01). Understanding the regulation of these
complexes is important since they regulate cell cycle progression, and
have been implicated as good targets for anti-cancer therapies (recent
review in [23]) and treatment of inﬂammatory cell diseases [24].
Respiratory chain complexes
In general the respiratory chain complexes (420) analysed here
are co-expressed in all species except A. thaliana and D. melanogaster
(pN0.05). Co-expression, at least of mammalian complexes, was
expected since it has been previously reported in the literature
[25,26], as too was the co-expression of the components of
cytochrome c oxidase (420.40) in A. thaliana [27]; however in this
latter instance, no such co-expression was observed here.
Complexes indicative of alternative regulatory mechanisms
With the lack of co-expression being observed in several
complexes and in most of the species under consideration (see
families co-expressed in no species in Fig. 3B), it is clear that for some
complexes there may well be an evolutionary bias for alternative
regulatory mechanisms for these complexes. Alternatively the
assembly of the complexes is so transient that any transcriptional
regulation that does exist is undetected in this study since we focus on
global co-expression. However on closer inspection of these com-
plexes, alternative regulatory mechanisms such as post-translational
modiﬁcations, just-in-time assembly and allostery have already been
reported. Some interesting cases are detailed below.
Post-translational modiﬁcations
SCF complexes (445, Fig. 3B) aremembers of the E3ubiquitin ligases,
whose fundamental role is to accurately target proteins for degradation.
They undertake a number of roles in post-translationally regulating
cellular processes such as the cell cycle and transcription factors by
degrading key components [28,29]. They are mainly regulated through
post-translational mechanisms such as autoubiquitination and in trans
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reassemble in different forms with new substrate speciﬁcities
(reviewed in Vodermaier [30]). In addition their activity can be
regulated by CSN complexes that bind to the SCF complex and blocks
its ubiquitination activity [30]. Although transcription is no doubt
important in providing enough transcripts so that adequate protein
subunits can be translated, evidence suggests that transcription does
not drive its regulation.
The serine/threonine phosphatases (450) are a large family of
enzymes that are involved in activating/deactivating a variety of
proteins through the removal of phosphates. The serine/threonine
phophotases in the MIPS-CYGD database refers to the PP1 family of
phosphatases. This family of phosphotases are regulated by the
subunits that determine their speciﬁcity and phosphorylation of their
catalytic subunit (reviewed in [31,32]), and hence a tightly regulated
transcriptional response of all their components would not necessar-
ily be expected and is not observed. Indeed the best studied serine/
threonine phosphatases in eukaryotic cells are the PP2A family, and
these are known to employ autoregulatory post-translational mod-
iﬁcations [33].
Just-in-time assembly
The main function of the exocyst (160) is the tethering of vesicles
to the plasma membrane. Its function and assembly is in part
regulated by Ras GTPases, which interact with various combinations
of exocyst complex subunits to enable the docking of different vesicles
[34]. In addition the exo70p and sec3p exocyst subunits are thought to
mediate assembly of the exocyst complex to the plasma membrane,
since double mutations of these subunits prevent the complex
anchoring to the plasma membrane [35]. Global co-expression of
the exocyst subunits could not be detected in this study. This may
suggest that the ﬁnal assembly of this complex is determined by the
late addition of speciﬁc subunits required for particular functions, a
just-in-time assembly, rather than a coordinated assembly of all
components transcribed or repressed at one time.
Conclusions
In this study, the extent of co-expression amongst a large
repertoire of protein complexes in a diverse range of species and
experimental conditions has been revealed. Transcription appears to
be an important regulator of many protein complexes, but this role
varies signiﬁcantly between species and individual complexes.
Container and sub-complexes have a tendency to be more co-
expressed than singleton complexes, but in this analysis there was
no evidence that size was an inﬂuential factor, suggesting other
reasons, such as transcriptional regulation to support a more intricate
assembly process. Co-expression is robustly maintained between
complexes sharing components, and it is also striking that co-
expression is often found in whole complex families, often within
the most fundamental biological processes.
Ancient complexes present in every species are more likely to
exhibit co-expression, suggesting that transcriptional regulation mayTable 3
Details of the expression data sources used for each species being studied.
Species Microarray type Express
A. thaliana Affymetrix Chip ATH1 NASC: C
C. elegans cDNA Kim et a
D. melanogaster cDNA Arbeitm
H. sapiens Affymetrix Chip Hgu133a Parkinso
S. cerevisiae cDNA Mega da
The number of probes in each data set represents those that remain following the processing
variance and those that did not map to any or N1 gene identiﬁer.be more important for this subset, which tends to be associated with
very fundamental biomolecular processes (e.g. transcription and
translation). This observation supports the view that transcriptional
regulation is the most fundamental and oldest form of regulation, and
that other regulatory mechanisms may have evolved later in
complexes with different functional needs, for example more rapid
or spatially targeted changes in activity. Within this set of conserved
complexes, co-expression or the lack of it also tends to be conserved
across species, suggesting that these evolutionary pressures on
regulatory mechanisms have been similar within the species studied.
The results presented here are largely congruent with other
studies on more limited sets of species and complexes, and for many
individual complexes ﬁndings are consistent with literature evidence.
Nevertheless, the most challenging question this study faces is the
effect of the inevitable biological differences between the data sets
employed for different species. For instance, how comparable are
human data on different normal and diseased cell types with data on
plant stress? These are currently the largest andmost diverse data sets
available for these species, but it will be interesting to see if the
ﬁndings are corroborated as more data become available. From a
purely pragmatic point of view, these are data sets that are typically
employed to make predictions of protein interaction, gene function
and gene functional association, and the results presented here
suggest that the accuracy of these methods will vary substantially
between these species.
Materials and methods
Identifying protein complexes and their orthologous proteins
The protein complexes used in this study are based upon those
held within the manually annotated MIPS-CYGD [8] S. cerevisiae
database. The 244 non-redundant complexes were identiﬁed for S.
cerevisiae and these were used as a template for ﬁnding the
orthologous complex components in A. thaliana, C. elegans, D.
melanogaster and H. sapiens for which complex data are sparse. Such
orthologs were identiﬁed using the software, OrthoMCL [7]. S.
cerevisiaeMIPS-CYGD [8] proteins were mapped to these orthologous
groups, and the orthologous proteins from the relevant species
extracted (see Table S1 for full list of complexes and the number of
identiﬁed orthologous components in different species). The view
here is that each orthologous group represents a subunit of the
respective protein complex; species with multiple genes in the same
orthologous groups are termed here as subunit paralogs. Identiﬁed
orthologs are assumed to be members of the same complex in S.
cerevisiae and performing a similar function in their respective
species. Only protein complexes with genes belonging to more than
one orthologous group were considered.
Expression data
The expression data used to detect co-expression of complex
components are detailed in Table 3. In order to obtain a global
overview of differential gene expression, data sets were chosen basedion data source No. experiments No. probes
raigon et al. [11] 2466 19,685
l. [12] 533 18,466
an et al. [10] 162 4921
n et al. [13] 5896 15,440
ta set [9] 498 6212
of the expression data. This involved removing control probes, those with extremely low
375E.C. Webb, D.R. Westhead / Genomics 94 (2009) 369–376on both their size and reliability, published data sets were used where
possible. The expression data for A. thaliana were downloaded from
the Nottingham Arabidopsis Stock Centre (NASC) array database [11],
and contain a wide range of experiment types from mutant and wild-
type plants including stress, developmental stages and cell death
across various tissue types. The microarray data for C. elegans contain
germline, developmental and sex regulated experiments [12]. The D.
melanogaster data are from time-course experiments derived from the
organism's developmental stages; although less diverse this was the
largest published data set available [10]. The expression data for H.
sapiens sourced from ArrayExpress (ArrayExpress accession E-TABM-
185), are composed of data from multiple cell lines and normal
(N1200) and diseased tissues/cell types [13]. TheMega data set [9] for
S. cerevisiae include data from a variety of conditions such as stress,
cell cycle, sporulation, and DNA damage. All data sets were normal-
ised at source.
The orthologous protein complex subunits were mapped to the
probes where present within their respective expression data set.
Probes were removed that could not be mapped to gene or protein
identiﬁers, or that map to multiple genes. Probes with the extension
x_at from the H. sapiens Affymetrix data set were excluded since they
are known to be promiscuous and cross hybridise. Between array
normalisation was carried out by centering (subtracting themean and
dividing by standard deviation). Following this, any probes that
exhibited a coefﬁcient of variation below 0.05–0.2 (depending on data
set) were removed. These probes are considered to be giving low
quality signals, and because of their low level of variation do not
generally exhibit co-expression with any other probes. This has only
minor effects on the analysis, removing 22 human and 21 Arabidopsis
probes from consideration, and affecting no probes for the other
organisms.
Calculation of statistical signiﬁcance
Throughout this work we rely on calculations of statistical
signiﬁcance to support our conclusions. In the Materials and methods
section we have preferred signiﬁcance tests based on randomisation
procedures, to methods based on parametric tests or their standard
non-parametric alternatives. Randomisation is more computationally
intensive, but preferred here because it is free of any distributional
assumptions about the data, and because it is able to account for some
potential features of the data sets, for example higher overall levels of
co-expression in one data set compared to another, or potential
sample redundancy, as discussed elsewhere in the text.
Calculation of co-expression
To measure the co-expression of two genes, the degree of
correlation between their represented expression proﬁles on the
microarraywas calculated using Pearson's correlation coefﬁcient (r), a
measure used widely in the analysis of microarray data [12,36–38].
This was carried out for all pairs of genes representing the subunits in
each of the protein complexes and their average correlation coefﬁcient
calculated.Where genes were represented bymore than one probe on
themicroarray (e.g. designed to identify splice variants), a hierarchical
complete linkage clustering procedure of the probes was carried out
using the correlation as the similarity measure. This limited unwanted
resampling of probes representing the same gene, and facilitated
retention of probes that may be representing true splice variants. Any
cluster with a mutual correlation of N0.8 was represented by a single
average probe. Both positive and negative correlations are biologically
interesting so the analysis was based on r2.
To assess the signiﬁcance of any observed complex co-expression,
their average correlation coefﬁcient is compared to a probability
distribution derived from computing the average correlation coefﬁ-
cients of an equal number of randomly selected probes as in thecomplex being considered, 1000 times, in order to generate a p value.
The sampling was conducted with replacement, from a pool of all the
probes that were represented on the microarrays (after they had been
processed) (see Table S1 for a complete list of average complex r2 and
p values). A limited level of redundancy in the data sets is a possibility;
this would affect the calculated correlations, but the p values on
which conclusions are based remain valid since they are obtained
from randomisationwithin the same data set rather than a parametric
method. No signiﬁcant bias was observed in the average correlation
coefﬁcient for complexes with multiple paralogs (see Table S2 and
Figure S3).
Assessing signiﬁcance of complex co-expression in
multiple species
For those complexes present in all species, it was observed that
complexes tended to be co-expressed inmost species, or co-expressed
in no species, suggesting conservation of regulatory mechanisms. The
statistical signiﬁcance of this effect was assessed by randomisation.
Co-expression data were represented in a binary table of dimensions
number of species by number of complexes, using 1 to represent a co-
expressed complex and 0 to represent a non-co-expressed complex.
These binary values were then randomised for each species 1000
times over the table to generate p values for the random occurrence of
complexes co-expressed (or not) in 0–5 species.
Analysis of regulatory mechanisms of complexes with
shared components
For pairs of complexes, we noticed that those sharing components
often also shared co-expression. If N is the number of complex pairs
that share components and are signiﬁcantly co-expressed (p≤0.01),
we determined the signiﬁcance of this value using a resampling
technique. Pairs of complexes were randomly selected N times, and
the number of pairs observed to both be signiﬁcantly co-expressed
(p≤ 0.01) were counted, and this was repeated 1000 times to
determine statistical signiﬁcance.
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